Refractive index-sensitive resonant waveguide grating biosensors are used to assay the label-free enzymatic degradation of biomolecules. These assays provide a robust means of screening for functional lytic modulators. The biomolecular substrates in this study were covalently immobilized through amine groups. Using the Corning ® Epic™ System, the digestion signatures for multiple protein substrates on the biosensors are measured. Label-free digestion profiles for these proteins were substrate specific. Similarly, the authors find that the label-free digestion is protease specific. Enzyme-substrate pairs were used to evaluate highthroughput biosensors as tools for screening functional modulators. The lytic inhibitor properties for several proteases and dextranase are determined. The authors find that the IC 50 values for the protease inhibitors agree with the reported values for several known inhibitors. The Z´ values, using biosensor-based functional lytic screens, were routinely greater than 0.5, making this label-free application feasible for high-throughput screening. (Journal of Biomolecular Screening 2007:117-125) * The measured digestion rates are diffusion limited because the microplate experiments were not carried out under continuous flow conditions. As such, discussion of rates is for what is observed and not necessarily the true kinetics of hydrolysis.
INTRODUCTION
M ETABOLISM RELIES ON A DELICATE BALANCE between enzymatic synthesis and degradation processes. The lytic breakdown of simple and complex biopolymeric structures such as RNA, DNA, lipids, and proteins is widely known to play a pivotal role in regulation, activation, signaling circuits, biological pathways, metastasis, and general maintenance of all biostructures within a cell. [1] [2] [3] [4] [5] [6] Degradomics has been defined as the application of genomic and proteomic approaches toward the identification of all protease and protein substrates within a whole organism. 1 Degradomics, like genomics, transcriptomics, and proteomics, represents yet another way to evaluate the complex inner workings of living organisms. 1, 2 A number of targeted therapies have been and are being developed against a variety of lytic agents. Protease and proteasomal inhibitors have been employed in a wide range of therapies from antiviral agents to anticancer agents. Some examples are AZT and Velcade. Other lytic reactions cited for therapeutic targeting include lipases and phospholipases. The market for protease-related drugs alone is anticipated to reach $23 billion by 2009. 7 Conventional lytic inhibitor screens involve labeling a substrate with fluorescent or radioactive probes. In some cases, the introduction of labels on a substrate can alter or inhibit the native functional interactions between enzyme and substrate. 8 In addition, probe labeling of biological substrates requires subsequent characterization, quality control, and/or validation. An alternative screening method for lytic inhibitors that can mitigate some of the limiting factors of conventional probe labeling is the use of label-free biosensors.
Refractive index-sensitive biosensors routinely have been used to characterize associative and dissociative biomolecular interactions without the use of labels. 8, 9 As a detection method, evanescent sensors have been able to measure ligand-binding events smaller than 300 Daltons. 10, 11 Protease inhibitor secondary screens have been reported using label-free direct binding screens wherein the lytic enzyme is immobilized onto the sensor and putative drugs are bound. 12 Direct binding assays, however, do not guarantee enzymatic inhibitor activity and are limited to those molecular weights that are sufficiently able to provide a detectable change in refractive index. One tenable area of bioassay research that has been sparsely explored by label-free biosensors is assaying using surface-based enzymatic digestion of biomolecules on a biosensor. Initial efforts by Chen et al. 13 described the combined use of surface plasmon resonance (SPR) with surface force microscopy (SFM) to measure biodegradation of an immobilized polymer coating on an optical sensor. The degradation of polymeric, biopolymeric thin films and dye-labeled peptides on SPR-based biosensors has been reported. [14] [15] [16] Adsorption and Michaelis-Menten kinetic studies for surface-based protease and DNAse reactions have also been reported. 17, 18 Despite these characterizations, the demonstration of functional lytic inhibitor screens with native state biopolymeric substrates using high-throughput biosensors has not been reported to date.
In this article, we describe the use of functional lytic assays on an optical biosensor in a 384-well format for high-throughput screens. Basic characterization of multiple substrates and multiple proteases is examined. We find that the time-dependent degradation response is largely dependent on the lytic activity of the enzyme as well as the structure and/or primary sequence of the biomolecules on the biosensor. As a detection tool, the digestion response is robust and specific, and it provides the ability to observe enzyme reaction effectors over a wide range of molecular weights, from ions to small protein inhibitors. The effective inhibitor concentrations for these assays closely matched reported values. The screening performance of the lytic inhibitor assays gave Z´ values on par with most highthroughput screening (HTS) assays (> 0.5). Finally, we discuss the potential of biosensor-based digestion signatures as a putative tool for degradomics.
EXPERIMENTAL PROTOCOL

Materials
The enzymes and inhibitors used in this study were obtained from Sigma Aldrich (St. Louis, MO): trypsin (T-7418), papain (P4762), thermolysin (T7902), dextranase (D8144), leupeptin (L2884), antipain (A6191), soybean trypsin inhibitor (SBTI, T9003), phosphoramidon (R7385), and E64 (E3132). The dextranase inhibitor cadmium chloride was obtained from Fisher (Hampton, NH; C9-100). Protein substrates used for the substrate-specific digestion analysis were human serum albumin (HSA; Sigma Aldrich, A3782), methylated bovine serum albumin (BSA; Sigma Aldrich, A1009), BSA fraction V (Sigma Aldrich, A-3059), acetylated BSA (Gibco-BRL, Grand Island, NY; 15561-020), and carbonic anhydrase II (EC 4.22.1.1) from bovine erythrocytes (Sigma Aldrich, C-2522 
Resonant waveguide grating biosensors and detection
The Corning Epic™ system consists of a thin film of nanometer scale features containing a patterned grating of high refractive index metal oxide on a glass substrate. The grating serves to couple the resonant waveguide mode to an external broadband light source and has been described elsewhere. 19 In both the 96-well and 384-well microplate formats, each well contains a discrete region of the waveguide sensor. The grating grooves for all waveguides used in this article had a period-todepth ratio of 10:1 and a 50% duty cycle. The resonant waveguide grating (RWG) biosensors are sensitive to both bulk solvent effects and temperature changes. Temperature variation was minimized by preequilibration of the microplates within a thermally controlled plate reader. Control wells were used to normalize for bulk refractive index differences between wells. A schematic cross section of a RWG biosensor is given in Figure 1a . In these types of biosensors, a nano-structured high index material on a glass substrate provides the ability to selectively couple light from an external broadband light source into the planar waveguide. Light coupled into the waveguide is also reflected off the sensor and back to a detector ( Fig. 1b) . Subtle alterations in the refractive index on the surface of the sensor translate into changes in spectral selection by the sensor. The optical waveguides can be assembled into high-throughput microplate formats such as 384-well formats (Fig. 1c) . The functional lytic inhibitor screens are based on the enzymatic cleavage of immobilized biomolecules on the sensor, as depicted in Figure 1d . As the lytic process ensues, a continuous loss of mass on the sensor is observed and is manifest as a decrease in resonant wavelength. The measured digestion rates are diffusion limited because the microplate experiments were not carried out under continuous flow conditions. As such, discussions of rates are for what is observed and not necessarily the true kinetics of hydrolysis.
Immobilization reactions
Amine-containing biopolymers were immobilized using a preactivated amine-reactive thin-film polymer coating on the waveguide. The extent of immobilized biological materials was determined through comparison of the picometer shifts before and after immobilization. Optimized immobilization conditions were used for all polymer-coated biosensor studies. Typical immobilization reactions used a 50 µg/mL protein solution in 20 mM sodium acetate buffer at pH 5.5. An amine-containing form of polyethylene glycol (PEG-amine) was used as an inert digestion control. The PEG-amine controls were immobilized in 100 mM borate, pH 9.2. After completion of the immobilization time, the proteins or dextran amines were replaced with a quenching solution of 200 mM ethanol amine in 150 mM borate (pH 9.20) solution. The unreacted polymer surface was rendered completely nonreactive after a 2-min exposure time to ethanol amine. Most proteins in this study gave resonance optical wavelength shifts between 1000 and 2000 pm for covalent immobilization.
Lytic assays
The proteolytic digestion profiles for the various albumins were obtained using 96-well biosensor microplates with 1× PBS as the common buffer. For the substrate profiling experiments, the amount of immobilization was carefully determined prior to digestion. The rate constants were obtained from a monoexponential fit using Prism GraphPad software. For the cross-enzyme experiments, each of the proteases was maintained at constant unit value, as reported by the manufacturer.
In all functional lytic assays, 384-well Epic™ system biosensor microplates were used. After substrate immobilization, the inhibitors were preadded prior to the addition of hydrolyzing enzymes. No preincubation of enzyme with inhibitor was done. This was done to minimize bulk refractive index effects of mixing high-concentration inhibitors with inhibitor-free buffer. Enzyme mixing occurred using a CyBi ® -Well 384-well pipettor. Mixing lasted roughly 5 min prior to first reads. Digestions were all at room temperature. All IC 50 determinations were made using the sigmoidal nonlinear regression curve fit from Prism GraphPad software. The Z´ calculations were determined using the method of Zhang et al. 20 The Z´ factor for all the assays in the present study were obtained using 40 wells ( Table 2) . Warfarin or acetazolamide was used as the noninhibiting drug control. Final concentrations for inhibitor compounds and negative control ranged from 100 to 50 µM, with the exception that the soybean trypsin inhibitor was at a final concentration of 6.6 µM. Titration of enzymes in units per well was monitored over time. Dextranase-catalyzed reactions were carried out by applying 1 unit per well of enzyme to dextran amine-coated wells. Digestion conditions were 10 mM TRIS-HCl (pH 7.5).
RESULTS
Protein-and enzyme-specific digestion on a biosensor
The digestion signal on a biosensor is a complex signal derived from properties specific for each system (see Discussion). Understanding these physical properties is helpful in characterizing the assay performance parameters. Substrate-specific protein digestion on the RWG biosensor was first investigated to characterize how the same protease digestion differs among various substrate structures. Protein immobilization ranged from between 1000 and 3000 pm shifts. For the current sensor and surface configuration, a 2000-pm shift corresponds to ~3 ng/mm 2 of protein (unpublished results). The immobilization was reproducible with a coefficient of variation (%CV) < 5%.
We evaluated several albumin family proteins and carbonic anhydrase by trypsin proteolysis (0.10 units/µL) on the RWG biosensor. Figure 2 demonstrates a typical 35-min time course of the trypsin digestion profile for these proteins on the biosensor. The amount of each protein on the biosensor ranged from 2000 to 3000 pm. The digestion rates * were fitted to a monoexponential decay rate with R 2 > 0.99. The hierarchy of the digestion rate for the digestion signal was as follows: acetylated BSA (k = 0.001264 sec -1 ) > BSA (k = 0.0005211 sec -1 ) > HSA (k = 0.0009071 sec -1 ) > carbonic anhydrase (k = 0.0005683 sec -1 ) > methylated BSA (k = 9.98E-05 sec -1 ). Normalizing data in Figure 2a relative to the initial starting amounts of each protein on the sensor provided a relative measure of the percentage of substrate digestion (Fig. 2b) . After normalization for total protein mass on the sensor, we observed that the order of percent conversion to digested product was the same as the raw digestion time course. The percent conversion to product when averaged for 2 digestion trials was as follows: 21.2% ± 9.3% acetylated BSA > 17.2% ± 5.3% BSA > 11.8% ± 2.3% HSA > 9.2% ± 2.3% carbonic anhydrase > 4.1% ± 0.4% methylated BSA. Surprisingly, the acetylated BSA and normal fraction V BSA appear closely matched. Complete acetylation of BSA should eliminate lysine cleavage sites, leaving only 26 arginine cleavage sites. However, we note that the acetylated BSA used in this study was partially acetylated. The human serum albumin gave a slightly lower extent of digestion relative to normal BSA, perhaps reflecting subtle differences in protein conformation or sequence. The digestion rate and extent of digestion for methylated bovine serum albumin was reduced dramatically relative to normal BSA fraction V. The profiles observed were very reproducible and clearly suggested that the digestion signal from our biosensor does convey substrate-specific digestion properties.
Our second characterization of surface-based hydrolytic processes involved the characterization of the proteolytic cleavage for various proteases to a common substrate. Figure 2c depicts the digestion profile for 3 proteases using a fixed concentration of carbonic anhydrase II. All 3 proteases differ in their cleavage sites as well as in their mechanism. The typical proteolytic signature for 3 proteases (at 0.5 units/µL) for the immobilized substrate carbonic anhydrase II was measured (Fig. 2c) . A control well (Fig. 2c, trace 4) , which contained 0.5 units/µL of trypsin but no protein on the biosensor, was used for reference. The observed hierarchy of the proteolytic digestion rate of carbonic anhydrase II was as follows: thermolysin > chymotrypsin > trypsin. The order of the proteolysis rate appears to correlate well with the level of available cleavage sites for each protease (see Discussion). Although the rate data appeared different for chymotrypsin and trypsin after normalization, we see that both reactions achieved roughly the same amount of normalized substrate digestion at 2000 sec (Fig. 2d) . The thermolysin digestion resulted in a significantly higher degree of proteolysis, which is likely due to the fact that thermolysin has more than 2 times the number of cleavage sites than either trypsin or chymotrypsin.
Collectively, these results demonstrate that although the enzymatic digestion process on a biosensor surface involves several complex physical properties, it can nonetheless provide specific enzyme-to-substrate reaction data that is sufficiently useful for providing a basis for functional lytic screens.
Functional lytic inhibitor screens
We examined the ability of known inhibitors to be assayed using proteases. Proteases from 3 different protease classes (serine protease-trypsin, cysteine protease-papain, and metalloproteinasethermolysin) were examined. Carbonic anhydrase II was used as the substrate for all protease screens. The effect of various concentrations of leupeptin on the (0.5 units/µL) trypsin/carbonic anhydrase II digestion time course is shown in Figure 3 . As can be seen from Figure 3 , most of the digestion has occurred for concentrations below 6.5 µM leupeptin. In addition, the digestion signal taken at the 20-min time point appears to provide a reliable measure of inhibitor effect.
From these titrations, IC 50 values were obtained using sigmoidal curve fitting (Fig. 4) . The IC 50 values are given in Table 2 . For most protease reactions, the experimentally measured IC 50 values compared closely with those reported IC 50 values. This agreement provided sufficient confidence that the surface-based digestion profiles were capable of reliably detecting inhibitor effects. The Z´ factor is a standard measure of the quality of any HTS assay. The assay quality was measured over 40 wells ( Table 2 ; Z´ ranges were 0.54-0.72). The ability of different inhibitors to affect other protease reactions was also determined ( Fig. 5) . Inhibitor concentrations were less than 100 µM and ranged roughly between 10 and 100 times the observed IC 50 values. As can be seen from preferential inhibition by soybean trypsin inhibitor, whereas papain was exclusively inhibited by E 64. The other inhibitorsnamely, AEBSF, leupeptin, and antipain-all gave various degrees of inhibition for papain and trypsin.
Carbohydrate digestion
To extend this method further to nonprotein substrates, we chose to examine dextran amine digestion with dextranase. Dextranase (α-I,6-glucan 6-glucanohydrolase, EC 3.2.I.II) hydrolyzes the α-1,6-glycosidic linkage in dextran polymers. 21 The dextranase reaction in this study represents an example of complex carbohydrate digestion on a biosensor. Another reason for using the dextranase reaction was to showcase the ability of small molecular weight binders to affect the lytic process. Metal ions such as mercury and silver have been reported as effective inhibitors of dextranase. 22 Normally, the measurement of direct binding of ion inhibitors to immobilized enzymes would not be detectable on an evanescent biosensor because their mass is below current detection capabilities.
The optimal immobilization buffer for dextran amine to the amine-reactive polymer-coated biosensor was 100 mM borate buffer at pH 8. Immobilization of 100 µg/mL of dextran amine gave roughly a 2000-pm response (for a whole 384-well plate, 7 %CV). A sample time course for the dextran aminedextranase digestion signal using several cadmium ion concentrations is shown in Figure 6a . At the higher cadmium ion concentrations, we see an initial decrease in dextran amine mass by a 100-pm response followed by little hydrolytic activity. This initial drop at the high inhibitor concentrations is most likely due to initial mixing of active enzyme with inhibitor, wherein some residual noninhibited enzyme is able to adsorb and degrade the immobilized substrate prior to complete mixing. Preincubation of the enzyme with matching inhibitor concentrations can mitigate these effects but are not necessarily required for HTS. The dose-response curves for the cadmium ion inhibition of the dextranase reaction shown in Figure 6b gave an IC 50 of 4.0 µM (R 2 = 0.994 for 5 trials, Z' = 0.82 for 40 wells).
DISCUSSION
Protein-and enzyme-specific signal
Biosensors in the HTS microplate format provide the possibility of establishing a new form of functional lytic assays and screens wherein the native substrate and enzyme may be studied without labels. In an effort to characterize these assays, we wanted to explore the properties of a surface-based digestion on a biosensor as it relates to various hydrolytic enzymes, various substrates, and various hydrolytic enzyme inhibitors. The digestion signature for biopolymers on a biosensor is a complex signal that is derived from a number of factors, such as enzyme surface activity, molecular stoichiometry of the enzyme to substrate reaction on a surface, substrate orientation on the surface, enzyme mobility on a surface, enzyme adsorptivity on a surface, number of cleavage sites in the substrate, size of fragments that leave the sensor surface, and the ability of fragments to leave the sensor. 17, 18 The idiosyncrasies of each protein-specific digestion profile were found to be relatable to expected digestion-specific properties. The albumins and their modified forms offered a reasonable means of assessing the digestion signal on a biosensor. The percent conversion to product was found to be a useful tool for comparing digestion profiles among proteins.
The observed differences in extents of proteolysis among the proteins should reflect a number of factors, such as cleavage susceptibility, cleavage site size, display of protein on the surface, and accessibility of substrate to the enzyme. In Table 1 , we see that the average peptide masses for the unmodified BSA and HSA proteins are essentially equivalent, whereas carbonic anhydrase II has slightly larger fragments. However, the projected fragment masses for trypsin digestion for the 3 proteins do not appear to offer direct correlation to observed mass loss on the sensor. The slight differences in the observed digestion profiles between HSA and BSA are more likely due to structural variations in accessibility of the cleavage sites.
The modified BSA proteins serve to demonstrate that physical alterations in the same primary sequence can translate into variations in the digestion profile. Acetylated BSA converted to product slightly faster than normal bovine albumins. This was unanticipated, given that acetylated BSA should have fewer cleavage sites than normal BSA. The acetylated BSA, if completely blocked, would possess 26 arginine residues hydrolyzable to trypsin. This reduction in cleavage sites does not block hydrolysis but only shifts the digestion to fewer and larger fragments. The release of larger fragment sizes on the biosensor appears, in the case of acetylated BSA, to have resulted in a slightly greater observed percent conversion to digested substrate. In the case of methylated BSA, it has been reported that methylation dramatically reduces proteolytic digestion relative to normal BSA. 23 This explains why methylated BSA gave the lowest digestion rate. Carbonic anhydrase II represents a protein that is close to half the size of acetylated BSA yet has the same number of cleavage sites (26 sites = 9 arginine plus 17 lysine residues. Note: 1 lysine is not susceptible to cleavage due to proline proximity). Surprisingly enough, the percent digestion for carbonic anhydrase II is roughly half that of acetylated BSA. In this case, because the number of cleavage sites is equal between the 2 proteins, it suggests that the molecular weight is a closer correlation for the extent of digestion. These physical correlations between the different protein substrates help to demonstrate that the digestion profiles are unique to each protein and yet are assayable using biosensors.
Furthermore, we observed enzyme-specific digestion signatures using different hydrolytic enzymes for the same substrate. Digestion profiles for 2 serine proteases and a metalloproteinase were examined. Trypsin and chymotrypsin are serine proteases that differ in their cleavage sites. Trypsin cleaves at the C-terminal side of arginine and lysine residues (for carbonic anhydrase II, there are 26 cleavage sites), whereas chymotrypsin cleaves at the C-terminal side of several hydrophobic and aromatic amino acids (56 sites for CA II; F, L, W, M, Y). Thermolysin is an M4 class zinc-dependent metallo-endopeptidase that cleaves the N terminal side of hydrophobic residues such as L, F, D, R, A, G, and V (122 sites total). We observed both rate differences as well as percent conversion differences among all 3 enzymes. This indicates that the sensor can report enzyme-specific digestion. In classical Michaelis-Menten kinetics, the substrate is in excess such that no free enzyme or unbound enzyme exists. However, in most biosensor applications, the enzyme will be either equal to or in excess of the immobilized substrate. Michaelis-Menten kinetics on surfaces can be obtained using fitted simulations using several assumptions. 18 However, this level of analysis was not required to use the current assay system as a screening tool for hydrolytic enzyme effectors. For such screens, exact determinations of substrate concentration or enzyme kinetic constants on the sensor were neither required nor limiting. For the present study, we are assured that the surface-based enzyme to substrate reactions adequately convey hydrolytic functionality among the substrate, inhibitor, and enzymes systems.
The experimentally determined IC 50 values for 3 enzyme systems reported in this article closely matched literature values despite differences in substrate, enzyme preparations, and methods. This finding strongly supports the use of surface-based biosensing as a useful tool for obtaining enzyme-to substratespecific inhibitor data. This technology opens up the ability to screen for lytic inhibitor effects using native substrate-enzyme pairs in a high-throughput fashion. The enzymes were shown to be differentially susceptible to various inhibitors. The inhibitor selectivity undoubtedly reflected the differences among the various hydrolytic mechanisms among the 3 enzymes. As a screening tool, we find the biosensor to be highly effective at distinguishing between a noninhibitor and an inhibitor. The dextranase reaction demonstrates that these assays are not restricted to protein substrates and can be useful for any biopolymeric or biodegradable polymeric system. We are exploring other lytic systems involving phospholipases and lipases.
Another interesting prospect is that these label-free surfacebased hydrolytic assays could be used in highly parallel microarray formats. Recently, microarray biosensors have provided the ability to look at global protein interactions. 24 Conceivably, label-free lytic assays could be applied toward global degradomic studies wherein the off-target specificity of various hydrolytic inhibitors are examined for numerous proteins. We also envision that whole proteomic digestion profiles may be possible and provide useful insights into poorly understood cellular phenotypes or cellular toxicity. Such applications are currently being explored in our lab.
